A clustering analysis of the Mexico City local wind events that occurred during the MILAGRO field campaign was carried out for identifying their main characteristics and patterns. This study was performed with the hourly wind data provided by the official atmospheric monitoring network for March 2006. The local winds of the period were described with a meso-β scale lattice wind model endowed with a wind state concept defined by the wind velocity horizontal components and the wind's divergence and vorticity. The wind states produced by the lattice wind model were analyzed through their occurrence frequencies and hierarchical cluster analysis. This procedure revealed wind patterns very similar to those already described by other authors. However, new and interesting features were also revealed such as a strongly stable cluster composed by wind states befallen from sunrise to midafternoon, and that the 4-group clustering revealed itself as the more stable wind states organization, while those with 6 and 8 clusters resulted the less stable ones. A Fourier transform analysis of the wind states time series evidenced wind patterns driven by the diurnal cycle of incoming solar radiation, and other patterns that may be associated with the urban heat island phenomenon.
Introduction
The knowledge of the Mexico City local wind circulation events and their possible organization in groups and patterns is important for understanding the air pollution behavior. Mexico City is surrounded by high mountains and it happens frequently that air pollutants remain trapped inside the basin for several days; however, the height of the atmospheric boundary layer may reach values up to 2600 m (or even higher) above ground [1] and, during some wind circulation scenarios, it favors the exportation of air pollutants towards the surrounding urban settlements, such as Morelos State cities [2] . In addition, the urban morphology of Mexico City has changed significantly in the last decade due to construction of vehicular corridors, skyscrapers, and other buildings, producing an important reduction of the ecological reserve per year [3] . These modifications produce mechanical and thermal phenomena that change the Mexico City local wind circulation and may increase the adverse effects of the heat island phenomenon.
The general characteristics of the Mexico City local winds and their relations with air pollution and urban climate have been reported from more than two decades ago. Jáuregui in 1988 and analyzed the interactions between the local winds and air pollution and the heat island development in Mexico City [4, 5] . Bossert in 1997 studied the flow regimes affecting the Mexico City region [6] , and in 1988, Fast & Zhong [7] and Doran et al. [8] studied the meteorological factors associated with the air pollution, and particularly with the ozone concentrations, within the Mexico City basin. In 2003, Salcido et al. [9] reported the first long-term micrometeorological campaign in surface carried out in the Mexico City Metropolitan Area (MCMA), and also a brief analysis of the statistical behavior of the convective mixing height in this region [1] . De Foy et al. in 2005 reported results of the Mexico City basin wind circulation during a shortterm campaign carried out in 2003 [10] . More recently, Fast et al. in 2007 reported a meteorological overview of the MILAGRO 2006 field campaigns [11] ; de Foy et al. in 2008 reported a basin-scale study of the wind transport and its comparison to climatology using cluster analysis also for the period of the MILAGRO campaign [12] ; and Salcido et al. [13] and Celada et al [14] , described the main characteristics of the Mexico City local wind events occurred during the MILAGRO campaign within the framework of a lattice wind model at a meso- scale.
In this paper, a clustering analysis of the local wind events observed in Mexico City during March 2006 (MILAGRO) is reported. It was carried out within the framework of a lattice wind modeling approach (LWMA) [13, 14] , where Mexico City was represented by a lattice domain with a finite number of identical cells, each one endowed with an extended wind state variable defined by the horizontal components of wind velocity and the wind's divergence and vorticity. Hourly wind data reported by the official atmospheric monitoring network (REDMET-SIMAT) of the MCMA during the period was used to obtain the set of the city wind states under the view of the LWMA. A hierarchical cluster analysis of 1-cell model wind states was performed assuming an Euclidean distance measure between any pair of wind states and the Ward´s proximity criterion [15] . The identification of the different wind states that occurred in Mexico City throughout the study period, as well as the recognition of the main wind patterns and their characteristics were carried out through the densities of discrete wind states of the wind states clusters.
The two cluster organization of the wind states started at a Ward distance of 62, finishing at a Ward distance of 47. One of these two clusters resulted strongly stable with respect to the Ward´s distance parameter. It remained unchanged up to a Ward distance close to 10, and was composed by wind states occurred between sunrise and midafternoon. The second cluster, which was composed mainly by wind states occurred during late afternoon and nighttime, started to break down into smaller clusters at a Ward distance of 47, approximately. The densities of discrete wind states were determined and analyzed for each cluster organization, allowing the identification of different wind states that occurred in Mexico City throughout the study period, and also the recognition of the main wind patterns and their characteristics. The results were in agreement with the wind patterns already described by de Foy et al [12] and other authors. However, the lattice wind modeling approach was also able also to provide more detailed descriptions of wind circulation events and to make evident new characteristics which emerged as a consequence of including the wind properties of divergence and vorticity as additional wind state variables. A more detailed and complete report will be published elsewhere.
Theoretical Framework
A region of atmosphere extending from ground up to a given height H which is assumed sufficiently small so that the horizontal movement of the air masses can be described properly by wind velocity measurements at surface meteorological stations is considered as the spatial domain of interest. The lattice wind modeling approach [13, 14] represents this region by a 2D lattice domain made up of a given number (N = N x ×N y ) of identical rectangular cells, each invested with a wind state (WS) variable that describe local wind conditions inside the cell in terms of a quartet (u, v, , ) , where (u, v) denotes the horizontal components of wind velocity, and  and  denote the divergence and vorticity of wind (as they are defined in meteorology). If U denotes wind speed and θ denotes wind direction, the quartets (U, θ, , ) and (u, v, , ) are equivalent to each other. The values of the state parameters are understood as spatial averages over the lattice cell. The inclusion of divergence and vorticity as additional wind state variables endows the model with a slightly non-local character and allows recovering some of the wind behavior information lost by the filtering due to the spatial averaging process of the wind velocity over each cell. Thus, besides the mean velocity, its tendencies of rotation and divergence inside each cell will be known. From the point of view of the local equilibrium hypothesis (LEH) of linear fluid mechanics, the LWMA is overdetermined in the limits N x , N y → ∞. This is not the case, however, within the theoretical framework of the extended theories of non-linear thermomechanics, where the LEH is relaxed to admit additional state variables (such as the gradients of the velocity field) in the definition of the phase space of the system [16] . Under the view of a LWMA, the spatial complexity of the wind velocity is mapped into a N x × N y matrix defined by the cell wind states (u, v, , ) ij . This matrix represents the wind state of the whole system.
In the phase space of the wind states, an Euclidean distance between any two wind states S 1 and S 2 can be defined as follows
Here, ,  and  are convenient normalizing factors, such as the maximum of wind speed and the maxima of the absolute values of divergence and vorticity during the study period. The normalizing factors allow that all the four state parameters to have equally relevant contributions in the distance calculation. This Euclidean distance can be used as one similarity criterion for analyzing the clustering of the wind states in the phase
Each wind state can be identified by a non-negative integer number ε given by ( )
when the quartet (U, θ, , ) has been chosen for describing the wind state and the parameters are expressed in terms of discrete scales, such as the Beaufort wind speed scale, the 8 sector scale of wind direction (N=0, NE=1, E=2, SE=3, S=4, SW=5, W=6, NW=7), and 3-level scales for wind divergence (0 = convergent, 1 = parallel, and 2 = divergent flow) and wind vorticity (0 = anticyclonic, 1 = nil, and 2 = cyclonic rotation). Not all the possible wind states can be observed at the region of interest. This depends on the topographical features and on the particular wind driving forces existing in the region. The frequency distribution of the wind states, referred to as the density of wind states (DOWS), constitutes a convenient way for quantifying the probability of occurrence of each wind state under given conditions.
The Study Area
The air pollution problem in Mexico City is strongly related (besides emissions) to its geographical setting, regional orography, topography, and meteorology, Mexico City is almost completely surrounded by high mountains, as shown in Figure 1 . A topographic profile following the bordering mountains around the Mexico City basin is shown in Figure 2 . This profile shows that the main ventilation possibilities of Mexico City are associated with the wind channel crossing the Mexico Basin south-north at the east side, which may favor the northerly, northeasterly and southerly winds. Moreover, due to the mountain-valley system of Mexico City, drainage winds, converging to the valley center, can be found frequently during nighttime. For lattice wind modeling purposes, the spatial domain was the Mexico City region located at latitudes from 19.30 °N to 19.57 °N and longitudes from 99.00 °W to 99.27 °W. This area was considered as a single cell in the 1-cell lattice wind model, and divided in quadrants NE, NW, SW and SE for the purposes of the 4-cell lattice wind model, as it is shown in Figure 3 . These quadrants are defined by the west-east and south-north axis of the reference frame whose origin was set at the geometric center of the station positions of Mexico City´s atmospheric monitoring network. 
The Wind Data
The MILAGRO field campaign was carried out in the MCMA in March 2006. It was an international scientific collaborative effort focused on the study of the local, regional and global impact of air pollution in a megacity, using the MCMA and its surrounding areas as a case study [11, 12, 17, 18] . MCMA was selected as a case study because it has tropical latitude similar to other megacities, it receives a large amount of incoming solar radiation all year long making its atmosphere extremely active photochemically, which helps to determine the transformation of atmospheric pollutants; but also because the existence of reliable urban and air quality measurement records, which the official air quality and meteorological monitoring networks provide systematically each hour.
The MCMA atmospheric monitoring system (SIMAT) has 36 stations: 24 located in Mexico City and 12 in the State of Mexico. The local meteorological conditions (wind speed, wind direction, temperature, and relative humidity) are measured by 15 stations that constitute the meteorology network (REDMET) of SIMAT. Their positions are shown in Figure 3 .
The database we used for carrying out the study comprises the hourly reports of wind speed and wind direction provided by REDMET throughout March 2006. This is a database with 744 hourly events that describe the local meteorology conditions which prevailed in the MCMA during the MILAGRO campaign. In this period, the average performance of the REDMET was 90% with respect to availability of wind data.
Results and Discussion
The 1-hour average data of wind speed and wind direction provided by the REDMET were used for estimating the wind velocity components (u, v) , the wind divergence , and the wind vorticity , at the geometric centers of the cells of the 1-cell and 4-cell lattice wind models of Mexico City. In general terms, the procedure was the following: for each hour of the study period, the wind velocity components at each site of a 8×8 grid (covering the study domain) were estimated by means of a Kriging type boundary constrained interpolation technique applied to the average data of wind speed and wind direction of all the REDMET stations; then the results were used to calculate the spatial averages of the wind state parameters (u, v, , ) over each cell of the lattice wind model. The corresponding sets of discrete wind states (DWS) and wind direction states (WDS), and their respective frequency distributions, were calculated for the period of interest.
Time Series of the Mexico City Wind States
The area of Mexico City was considered as a single cell and its local wind conditions were described by spatial averages of state parameters over the region. The time series of the wind state parameters (u, v, ) for the study period, and their respective fast Fourier transforms, are shown in Figure 4 . From the left column of plots we can observe that this period was characterized, in average, by low intensity northerly convergent cyclonic winds. (10 -4 ) is consistent with the estimation by Jáuregui in 1988 [4] . This time behavior indicates that wind divergence was negative (convergent winds) for the majority (75%) of the hours of the study period, and shows that convergent flow prevailed not only during the nighttime hours (driven by the mountain-valley system) but was also present during many of the daylight hours (50% of them), when it would be expected that turbulent mixing would tend to weaken the heat-island induced flow [4] . Moreover, the time behavior of wind divergence revealed the existence of three main Fourier components with periods of 24, 12 and 6 hours, in decreasing order of importance. d) The wind vorticity oscillated around 0.2×10 -4 s -1 , from -9.2×10 -5 to 3.2×10 -4 s -1 . It was positive for 55% of the study-period hours, revealing the dominance of winds with cyclonic features. The wind vorticity had a main Fourier component with a 24 h period clearly defined. Several other important higher frequency components were also identified, but with considerably smaller magnitudes. e) All the wind state parameters had a time behavior with an important Fourier component with a 24 h period, suggesting the existence of wind state patterns driven by the diurnal cycle of incoming solar radiation. A Fourier component with a 12 h period was also present, although it was particularly evident only for the south-north wind velocity component and for the wind divergence. This feature could be closely related to the urban heat island phenomenon. Figure 5 shows that the wind events observed in Mexico City during March 2006 are represented by DWS between 0 and 215, in accordance with the numbering scheme given by the equation (2) . The speeds of these states were basically distributed over the Beaufort levels 0, 1, and 2, with populations of 8.2%, 65.7% and 23.8%, respectively; the maximum speed in the period was around 3.5 m/s. The first ten DWS with the highest relative occurrence frequencies comprised 49.3% of the 744 hourly wind events. The main characteristics of these DWS are described in Table 1 . It is also interesting to observe that 75% of the discrete wind states were convergent and that 55% of them represented winds with cyclonic (positive) vorticity. Figure 6 shows the partial densities of discrete wind states for the time periods of 00-07 hours (early morning), 08-15 hours (morning and early afternoon), and 16-23 hours (late afternoon and night). Mexico City local time is considered. The hour ID (00, 01, 02 …) indicates the beginning of a 1h period. The frequency of a DWS is the percentage of the total number of wind events in March belonging to the 8h-period where the wind state was observed (8*31=248). In Table 2 , the first five DWS with the highest frequencies are described for each 8 hour period. Table 2 . First five DWS with the highest frequencies for the day periods 00-07h (early morning), 08-15h (morning and early afternoon), and 16-23h (late afternoon and night). Table 3 , for each 8h-period of the day, the percentages of DWS with character convergent, anticyclonic, and belonging to the first four Beaufort levels are presented. We observed that in absence of sun light (nocturnal hours) the DWS were dominantly convergent (99% during early morning and 92% during late afternoon and night), but during the daylight hours the divergent DWS comprised 68% of the states of the period. From midnight up to early afternoon, the anticyclonic states were slightly dominant (~57%) over the cyclonic ones; but their occurrence was reduced to 21% during late afternoon and night. During early morning, morning, and early afternoon (00-15h) the DWS with speeds in the second level (B=1) of Beaufort scale dominated with occurrences higher than 75%; but during late afternoon and night, the states with speeds in the third level (B=2) of Beaufort scale dominated with an occurrence frequency close to 50%. Table 3 . Fractions (%) of the DWS with a character of convergent, anticyclonic, and belonging to the first levels of the Beaufort scale for 8h-periods of the day. Percentages are relative to the total number of wind events of the 8h-period throughout the month. During the study period, the main characteristics of the Mexico City wind events were the following:
Occurrence Frequencies of Discrete Wind States

Day
8h-Period
Convergent
(a) Early morning: low intensity and convergent winds with a slightly dominant anticyclonic vorticity, and with a flow component from west.
(b) Morning and early afternoon: low intensity divergent winds blowing mainly from northeast and north, with a slightly dominant anticyclonic vorticity. It is interesting to observe that during this 8h-period an important percentage (32%) of the states were convergent, reflecting the effect of the heat island phenomenon on the Mexico City winds.
(c) Late afternoon and night: low intensity (but higher than in the other 8h-periods) convergent and cyclonic winds, blowing mainly from northwest and south.
The effect of the mountain-valley system is evident as a thermal forcing of the Mexico City nighttime winds.
Cluster Analysis of the Mexico City Wind States
For the cluster analysis, the database was the set of Mexico City wind states ( 
This normalization assures that each parameter participates with the same weight as any other in the distance calculation between wind states. The Euclidean distance defined in terms of the normalized parameters, as described in Section 2, was considered as similarity criterion between wind states. Then the set of normalized wind states was taken as input data for carrying out a clustering analysis.
The cluster analysis of the Mexico City wind states was carried out using the software DataLab (version 3.511), which was kindly provided to the authors by Hans Lohninger [21] . This software was configured for using the Ward´s method for linkage, the Euclidean distance measure, and the option of no scaling of data (the data set was previously normalized as indicated above). Figure 7 shows the dendrogram produced by DataLab, showing the possible organizations of the Mexico City wind states in clusters according to the Euclidean distance between wind states given by Eq. (1) and the Ward´s proximity criterion between clusters.
In this figure, the wind states organizations with 2, 3, 4, 5 and 6 clusters have been highlighted. It is observed that, when the number of clusters n c is less than 6, the wind states organizations in n c clusters are relatively stable with respect to decreasing Ward distance; that is, there is a relatively wide interval of Ward distance values for which a given organization of the wind states in n c clusters is found. In particular, the first wind states cluster (2C-C1), which is located at the top of the dendrogram, did not split until n c = 6. The rest of the wind states belong initially to one cluster (2C-C2) that split itself, relatively fast, in 2, 3 and 4 clusters, as the similarity distance diminished, to form the 3, 4 and 5 cluster organizations. It is also observed that the more stable cluster organization is that of 4 clusters, it persists for Ward distances from 13.65 to 36.71; the less stable, otherwise, are those of 6 and 8 clusters, they are found from 9.18 to 9.53 and from 7.76 to 8.12 units of Ward distance, respectively. Here we will discuss only those cluster organizations with n c = 6. The results of this cluster organization of the wind states are described below and shown in Figure 8 . Figure 7 . Dendrogram of the clustering of the Mexico City wind states. Each cluster is referred to as mC-Cn, where m is the number of clusters we are considering and n is a natural number used to identify the particular cluster. So, the clusters of the two cluster organization are 2C-C1 and 2C-C2. The characteristics of the first twelve DWS with the highest frequencies are described below and in Tables 4 to  9 for each cluster of the six cluster organization.
Cluster 6C-C1. The wind states of this cluster occurred predominantly in the time period from sunrise to sunset, centered at noon; this cluster, however, also contains wind states that occurred during the night period. Its main wind states (Table 4 ) represent low intensity winds (0.25 < v < 1.5 m/s) predominantly with a northerly flow component (5 from N and 2 from NE). No predominant divergence neither vorticity were observed in this cluster. As a whole, the occurrence frequency of the main wind states was close to 66% of the 158 states it contains (14% of the total of 744 wind events of the study period).
Cluster 6C-C2. This cluster contains wind events which occurred during late afternoon and night, with its highest relative population around midnight. Its main wind states (Table 5 ) represent convergent, low intensity (v < 3.5 m/s) winds with a flow component from north, and dominance of cyclonic vorticity (8/12 WS) . These wind events may be driven by the thermal interaction between the Mexico basin and the Mexican plateau through the opening in the north boundary. The cyclonic vorticity of these local wind conditions may be a consequence of the Mexico City topography, especially because of the presence of the Sierra de las Cruces and the Sierra del AjuscoChichinautzin that surround Mexico City at the west and south sides.
Cluster 6C-C3. Its main wind states (Table 6 ) represent low intensity winds (v < 3.5 m/s), convergent (12/12) and cyclonic (11/12) , blowing chiefly from the south sectors (7/12) , although it also comprises states representing winds blowing from the north sectors (3/12) and from W and E. The hourly distribution of the wind states of this cluster is populated exclusively from noon to midnight, with a peak around hour 18 (sunset).
Cluster 6C-C4. This cluster contains wind events which occurred during nighttime, mainly during early morning and night. Its population fell down suddenly at sunrise, between hours 7 and 8. The main wind states of this cluster (Table 7) represent convergent, very low intensity (v < 1.5 m/s) winds, blowing chiefly from the west cardinal sectors (NW, W, and SW), with dominance of anticyclonic vorticity (8/12 WS) . These states represent the katabatic winds produced by the mountain-valley systems of Mexico City.
Cluster 6C-C5. As shown in Table 8 , the main wind states of this cluster represent low intensity winds (v < 3.5 m/s) with a flow component from south (11/12) , chiefly convergent (10/12) and cyclonic (9/12) . The hourly distribution of the wind states of this cluster disclose a peak around hour 16, although some states of this cluster occurred close to midnight and during the first hours of early morning. The convergent character of the wind states of the clusters 6C-C3 and 6C-C5 is closely related to the nocturnal thermal effect derived from the mountainvalley system of Mexico City, which produces katabatic winds. The wind states of this cluster are also predominantly cyclonic and take place around the sunset period.
Cluster 6C-C6. The wind states of this cluster occurred only during daylight hours, from sunrise to sunset, with a peak at hour 9. Its main wind states (Table 9) represent very low intensity, divergent winds with dominant anticyclonic vorticity (9/12 WS). Eight of the main states of this cluster had an easterly flow component (3 from NE, 3 from E, and 2 from SE). The occurrence frequency of these twelve states embodies the 95% of the 96 states of the cluster (12% of the total of 744 wind events of the study period).
Conclusion
The lattice wind modeling approach at a meso-β scale proposed by Salcido et al. [13, 14] and hierarchical cluster analysis were applied to identify the main characteristics and patterns of the wind events that prevailed in Mexico City during the MILAGRO field campaign (March 2006).
The study was carried out using hourly wind data provided by the meteorological network of the official atmospheric monitoring system of the Mexico City Metropolitan Area. The systematic availability of high quality wind data at this network makes possible to perform studies for longer time periods with no additional technical problems.
The conceptual simplicity of this modeling approach also allows its application for such practical goals as identification and selection of meteorological scenarios in air quality assessment studies [2, 20] .
This work made possible to recognize the following characteristics and patterns of the Mexico City wind events that occurred during March 2006: a) All the wind state parameters (horizontal velocity components, divergence and vorticity) disclosed a time behavior with an important 24h period Fourier component, suggesting the existence of wind state patterns driven by the diurnal cycle of incoming solar radiation. A 12h period Fourier component was also found; this was particularly evident for the south-north wind velocity component and for wind divergence. This last feature could be closely related to the urban heat island phenomenon. In fact, wind divergence was negative for 75% of the study period hours, showing that convergent flow prevailed not only during the nighttime hours (driven by the mountain-valley system) but was also present during many of the daylight hours (50% of them). b) Wind speed had a mean value of 1.14 m/s and a maximum of 4.80 m/s. The speeds of the discrete wind states were found, chiefly, in the second level of the Beaufort scale (0.25 ≤ v < 1.5 m/s), with a population of 65.7%. In addition, 75% of the discrete wind states represented convergent winds, and 55% of them represented winds with cyclonic vorticity. c) During early morning (00-07h) low intensity (77% in B=1) and convergent (99%) winds with a slightly dominant anticyclonic vorticity (57%) and a westerly flow component prevailed. During the morning and early afternoon (08-15h) low intensity (76% in B=1) and divergent (68%) winds, blowing mainly from northeast and north, with a slightly dominant anticyclonic vorticity (57%) prevailed. And during the late afternoon and night period (16-23h) low intensity (but higher than in the previous 8h-periods), convergent (93%) and cyclonic (79%) winds, blowing mainly from northwest and south dominated.
d) A strongly stable wind states cluster that contains 34%
of the wind states of the period and remains as a whole for wide interval of the Ward distance (from 9.53 to 62.12) was found. This cluster (2C-C1) contains wind states that basically took place during the daylight hours. The main states that belong to this cluster represent low speed (0.25 ≤ v < 1.5 m/s) winds, blowing mainly from north, northeast and east, divergent in their majority, and with a slightly dominant anticyclonic vorticity. The second cluster (2C-C2) of the 2-cluster organization contains mainly the nighttime wind states of the study period. The more stable cluster organization was that of 4 clusters, persisting for Ward distances from 13.65 to 36.71, and the less stable ones were those of 6 and 8 clusters, which persisted from 9.18 to 9.53 and from 7.76 to 8.12 units of Ward distance, respectively.
e) The six cluster organization revealed strong similarities with results of other authors. In fact, the clusters 6C-C1 to 6C-C6 correspond, respectively, to the clusters referred to as NORTHEAST, NORTH, SOUTH, DRAIN2, SOUTH and EAST by de Foy et al. [12] . Note that the clusters 6C-C3 and 6C-C5, together, correspond to the SOUTH cluster of de Foy et al. 
